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SUMMARY

Operations analysis of a multistatic sonar system consisting of an
QS-26 and remote sonobuoys indicates that outstanding performance
can be expected for screening and target prosecution scenarios in both
North Atlantic and Mediterranean environments., Consistently high
target detection probabilities were obtained in all scenarios by the
proper utilization of the system including buoy placement and ship's
doctrine. Comparison with a CASS system which can achieve the same
performance shows that the multistatic system has a four-to-one cost
effectiveness advantage and a tactical advantage due to the absence of a
nearby actively pinging transmitter.

Recommended tactical doctrines are as iollows. For environments

in which the convergence zone (CZ) is narrow (3 to 5 kyds) a 45° course
away from the datum for approximately 30 minutes followed by a 90°

turn towards the datum with a ship speed of 15 knots is recommended.
This results in a flow advancement of the CZ over the target uncertainty
area and will provide the sonar with more "looks" at the target. For en-
vironments with a broad CZ. the ship should pro¢eed directly at the datum
again resulting in maximum use of the CZ coverage. Best receiver
depths are 60' for environments with a layer and 1500' for znvironments
with no layer.

“The sonar system consgists of an 9QS-26 operating in the bottom bounce

search mode. c)In this mode, it uses three sequential 40° transmissicns
to cover a 120~ azi..wthal sector, This sonar uses 12 contiguous pre-
formed beams to receive possible echoes. The remote: bistatic receiver
consists of a six element vertical line array of omnidirectional elements
spaced approximately one foot apart, deployed at depths of 60 ft or 1500
ft. This type of array was designed to reduce reverberation effects and
did perform successfully at sea.

The study was aided by the use of two computer programs: (1) An opera-
tions analysis model used to calculate target detection probat:ilities as the
exercise progressed with time: (2) A bistatic acoustic model uced to pre-
dict buoy coverage, calculate propagation losses, and create tables of re-
verberation as a function of time.

The study consisted of a number of exercises in various environments
and scenarios. Key results of these studies are summarized below.

1. Convoy Screening in the North Atlantic

This involved the prohlem of redetecting a target which was initially de-
tected in the convergence zone at a range of about 70 kyds and subsequently
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lost. It is assumed that the submarine ig attempting to penetrate a de-
stroyer picket to attack a high value unit. An azimuthal uncertainty of +5
is assumed in the initial target datum and the cumulative probabilities of
detection for various target tracks are calculated spanning this uncertainty
and for various target tactics.

Following the initial target datura by a delay of about 10 minutes, a heli-
copter is launched to drop several remote sonobuoys in the vicinity of the
datum. The set of drop points for these rec 2ivers was one of the paramet-
ers which was determined during this study.

The final results show that the use of as few as three properly placed
sonobuoys plus the shlpboard sonar combined with a ship's doctrine of
turning to an angle of 45° away from the target datum virtually ensure
redetection >f the target if it attempts to penetrate the screen. Cumu-
lative probabilities of detection approaching unity were obtained con-
sistently for either submarine tactic and for submarine speeds between
6-15 knots. A submarine moving faster than 15 knots should be detected
passively by th2 sonobuoys.

2. Target Prosecution in the North Atlantic

In this study, the initial datum and the system used are the same as
described above, however, the target may follow a course in any direc-
tion. The goal of the ship was to redetect the submarine, with a later
goal of iocalization and weapons drop.

Analysis shows that CZ contact investigation for an SL.BN subraarine al-
ways results in near unity detection orobabilities kbecause of the high tar-
get strength., For other types of contacts redetection is 80-30 percent
assured over a target uncertainty area of about 700 square nm (a radius
of 15 nm) by using 8 sonobuoys laid down in a pattern similar to that on

a playing card and using a ship's doctrinc of rlosing directly at the datum,

For a conventional :mbmarine, after a CZ contact the probability of re-
detection is over 9U percent for a field of 8 sonobuuys plus the SQS-26.
The best tactical doctrine nere is te p'ant the l,uoys along the spiral pre-
dicted by the time late of the helicopter and fcr the ship to run a zig-za;
track of 45° away from the datum for abc:? s0 minutes and then turn 90
towards the datum and proceed.

To examine the importance of time late on multistatic doctrine, a series

of runs was made assuming rocket launched sonobuoys with delivery speed
of about 1400 knots: The results show that because ot the greatly reduced
uncertainty area, 2 rocket launched buoys perform as well as 8 helicopter
launched buoys. Best ship's doctrine in this case is to slow down to 6-10 {
knots and head straight at the datum. }
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Finally, tor the same environment and scenario, a comparison was made
between multistatics and CASS, The results show that ahout twice as
many bistatic buoys as CASS buoys are required to achieve the same
migsion effectiveness. This implies about 2 four times greater cost
effectiveness for bistatics. In wddition, pistatics has a tactical advan-
tage cver CASS in that the target can more easily avoid detection by a
CASS buoy if it readjusts its track accord .ng to the location of this
actively pinging buoy.

3. Target Prosecution in the Mediterranean

The system was the same as described above. Because the CZ in the
Mediterranean occurs at about half the range of \ it in the Atlantic, tar-
zet prosecution was achieved with near unity detection probabilities re-
gardless of target depth or layer depth. T'.is was accomplished using
only 4 sonobuoys plus the 3QS-26 and a ship's doctrine of heading di-
rectly at the datum at a speed of 15 knots.

Results show that replacing the SQS-26 by an SQS-23 will result in some
what reduced echo-to-background levels but will still perform: auite well
in a multistatic operation in this environment.

In all of the cases run, it appears that by inteiligent operation of the uxs-
tem, there is a reascnable probability (about 50 yercent in the North At-
lanfic and higher in the Mediterranean) oi detecting the turget simultan-
eously with at least two receivers and tnus localization might also be
achieved. This probability can of course be increased by deploying

more remote sonobuoys.

4. Conclusions

The results of this study substantiate that this multistatic approach sig-
nificantly increases operational eifectiveness for these sceaarios when com-
pared with presently used systems. 1t is clear that multistatic systems
offer a highly useful adjunct to the Navy's eristing sonar capabilities and
thus merit further investigations both analytical and experimental.
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SECTION 1(C)

INTRODUCTION

A. BACKGROUND

(C) 1In 1969, the technical feasibility of bistatic echo-ranging with the SQS-26
transmitter and specially desigred A-size sonobuoy-type receivers was
demonstrated.” The system concept is illustrated below. The receiver
design was based on 2 unique bistatic analysis computer program.2

{C) The experiment was conducted during the period 1-3 October 1969 in an
area 300 miles west of Bermuda. Average water depth in this area is
18,000 ft. The bottom ranges from MGS Class 2 (good) to Class 4 (poor)
for bottom-bounce operation. Sea State was 2 to 3. Moderate to good sur -
face ducts 125 to 170 ft deep existed.

(C) This sea experiment was highly successful from several points of view.

(1) Bistatic detections were achieved at transmitter-to-target
ranges of 5 to 40 kyd, and at 76 'yd ir *he first convergence
zone, For the target at periscope depth, maximum target-
to-receiver ranges were 5 to 11 kyd, With a below-layer

1 Project D/S 510, "Bistatic Echo Ranging Experiment,’ Final Tech-
nical Report, Hazeltine Corporation, Report 7914, July 1570,

2 '"Operations Analysis of Multistatic Echo-Ranging System, "' App. A,
Interim Report, Hazeltin¢ Corporation, Report 7984, March 1972,
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target, maximum target-te-receiver ranges were up to
8.7 kyds. (These detection ranges are in good agree -
ment with values predicted with the acoustic model in
this environment. )

Tests with an omnidirectional receiver showed the strong
influence which reverberation has on multistatic sonar
periormance and pointed out the need to reduce these ef-
fects by proper hardware design.,

Test results showed how efiective the newly designed
directicnal sonobuoy was at suppressing the effect of
this reverberation,

The reverberatior levels measured were in good agree-
ment with leve. s predicted in advance using the bistatic
acoustic comrputer program developed at Hazeltine.
This agreement adds, support to the validity of this pro-
gram.

B. STUDY OBJECTIVES

Once technical feasibility of this bistatic echo-ranging system was dem-
onstrated, the next logical step was to determine the potential benefits
of such a system to the Navy. The goals of *he present project were to:
(1) dotermine the effectiveness of multistatic sonar systems in several
operational environments; and (2) recommend ship's doctrines to best
utilize thes» systems. (For convenience, this bistatic sonobuoy which
is similar to the SSQ-41 is designated SSQ-41-X in this report.) Other
obiectives of this study were to compare the effectiveness of this SQS-
26/41-X multistatic system with (1) CASS, and (2) a multistatic system
using the SQS-23 and remote sonobuoys.

All of the scenarios analyzed in this paper are contact investigations and
this study concentrates on two applications of the system: convoy screen-
ing and target prosecution,

The first of these, convoy screening, involves a submarine attempting to
attack a high value unit. The goal of the destroyer escort is to provide
a screen with sufficient performance to detect any submarine att empting
penetration.

Target prosecution requires the destroyer to redetect and ultimately lo-
calize a submarine which has been alerted to the presence of the ship and
is attempting to avoid detection.

1-2
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Two environments are considered for these scenarios: the North At-
lantic and the Mediterranean Sea. Detections against both conventional
and SLBN submarines were studieaq.

C. REPORT ORGANIZATION

The remainder of this report is organized as follows: Section Il gives
a description of the technical approach used in this study and a brief
description of the computer models used in the analysis. Section IO
describes the sonar equipments used in the operations analysis. Sec-
tion IV presents the results for the analyses conducted in the North
Atlantic; it includes the effects of time late on system performance
and quantitative comparison with CASS. Section V describes the target
prosecutions studies for several Mediterranean environments. Sec-
tion VI summarizes the conclusions and recommendations of this study.
Key figures showing detection results for various cases are included in
the main body of this report. A complete summary of all computer runs
is contained in Appendix A.

This document is the final report of a study performed for the Office
of Naval Research {Code 462) aunder ONR Contract N00014-71-C-0331.
A comprehensive report of the work performed up to March 1972 is
described in an Interim Report*; topics which are covered in detail
in that report are only summarized in this report. Thus, although
this document includes all work performed under the contract, some
references to the Interim Report will be found in the present eport.

*Referenced in the Study Summary.
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SECTION II (C)

TECHNICAL ANALYSIS

The method used in this project was to carry out an idealized systematic
operations analysis to determine the comparative performance of mono-
static and multistatic systems as a function of ship's doctrine, number
of sonobuoys emploved, submaris2 tactics (including course, speed,
depth), and environment,

Because of the complexity and large amount of data involved in carrying
out such a task, an operations analysis computer model was written
which proved to be an efiective tool for comparing systems performance
as the above variables were changed.

Hazeltine had previously developed a unique computer program to calculate
echo-to-background ratios for bistatic receivers in the presence of re-
verberation; computations using this program have been proved to be

in good agreement with the experiment., In writing the present opera-
tions analysis computer model, full use has been taken of the contents

and results of this program. (It was shown in the sea experiment that
reverberation provides a limiting background for the bistatic receivers
and, therefore, must be included in any accurate analysis.

This scction briefly describes these two models. (Additional details
may be found in Appendices A and B of the Interim Report. )

A. OPERATIONS ANALYSIS COMPUTER MODEL

The objective of this study project was to provide a quantitative evalua-
tion of a multistatic sonar system concept. In order to accomplish this,
it was required that the results of submarine detection schemes be
analyzed. This requires knowledge of the probability uf detection of a
target as a function of time as both the target and the ship maneuver

in the water. The iirst part of this project was devoted to developing

a sophisticated computer model which couid carry out calculations in-
volving such complex systems as described above. The result of this
effort was a versatile and efficient computer model which has been given
the name SOBER (Study of Operational Bistatic Echo-Ranging).

The fundamental process which the program models is a continuous cycle
representing a real world time-developing physical system; actions re-
sult in new information which is used to make decisions which result in new
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actions. The rules which govern the system are as follows: actions are
constrained by physical laws; information is governed by environment
and obtained by means of sensors; and decisions are based on interpreia-
tion of information and mission objectives.

A computer model which included the full implications of this cycle would
be a simulation program. At present, only the action-information parts
of the cycle have been programmed, deferring the addition of dynamic de-
cision routines until a later date, if so desired.

At the onset of this study, it was decided that the program should be capable
of handling multiple units of all types. It rapidly became apparent, however,
that such a program could require excessive amounts of computer memory
storage unless it was carefully organized to avoid such probiems. In order
to create such a program which was both versatile and efficient, use was
made of a concept which is called Unit Space. This techuique gives a
central role to a vehicle and then describes the environment of that ve-
hicle in terms of its physical status and information acquired by its sen-
sors. The importance of such 4 concept is that the vehicle and its en-
vironment can be described uand stored independently of other vehicles.

This allows the computer program to handle large numbers oi vehicles
since the data for each can be handled separately while all others are left

in storage outside the central memory.

The computer model uses a fixed time step and congists of (1) dynamics
routines to move the various vehicles arsund in time according to prede-
termined tactics, (2) acoustic routines used to calculate the sound level
at each target and receiver, and (3) detection routines used to calculate
the probability of detection of the target at each receiver during each time
step and the cumulative probability of detection for each receiver,

The program includes the effects of radiated noise and specular inter-
ference carried out to paths involving 0, 1, and 2 bottom contacts. The
inputs to the program consist of vehicle parameters such as speed, turn
rate, tactics, etc.; equipment parameters such as sonar source level,
transducer spacings, etc., and acoustical data. In the first exercises
(convoy screening) the propagation losses were calculated in the opera-
tions analysis model using isovelocity ray tracing. For the remainder of
the project, all propagation losses for each system ard environment were
input to the model in the form of tables calculated using the bistatic acous-
tic program and corrected for shadow zone propagaiion. Reverberation
tables were also calculated with the bistatic program and put into the
moedel via tables, although experimental data could be used if desired.
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Each exercise was set up by specifying the ship and target courscs,
speeds and initial locations. A fixed time step was used during which
each vehicle would move {a helicopter is used to deliver the buoys to
drop points assigned during input), and all acoustic signals would be
transmitted, received and processed according to their vccurrence dur-

ing that time period. This information was used to calculate the probability
of detection for that ping and the cumulative probability of detection (CPD)
up to that time for each receiver.

The expression used to calculate the single ping probability of detection
is:

exp {(~2. 3 log, o (B) - 0.827)/(1 + SNR))

where P, is the probability of false alarm (typically 10'4) and SNR is the
echo-to- éac&ground power ratio. This result was derived by Marcum and
Swerling and reported in "Transactions of the IRE," Vol IT-6, No. 2
(April 1960).

The calculation of cumulative probability of detection which satisfies a
rule such as M detections out of N when the total number of looks is
greater than N has been solved and is incorporated in the present model.

A target strength function which is dependent on target aspect is used and
it is of the form of 10 + 10 sin? (9 ) where @y is the target aspect de~
fined for bistatic receivers as shown below. (%he importance of target
aspect is seen in the results of the ana1y31s.) For an SLBN submarine,
the expression used is 13 + 12 gin? (GB).

Transmitter | ¢

1
OB—-Z-(OR+O

| 4
Receiver
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The output ©f the program consists of a summary of input data, a track
history nf vehicle locations, a summary of receiver locations, a chron-
ological summary of detection probabilities and other pertinent qata for
each receiver at each time step, a mission effectiveness summary, and
printer plots of the vehicle tracks also showing the sonobuoy locations.

For purposes of efficiency, many of these outputs can be suppressed if

desired.

Certair assumptions must be made in any study of tais type. These as-
sumpt.ons are of the following types: (1) all equipment is assumed to
operate as designed; no system malfunctions have been included as pro-
gram input; (2) human factors have been programmed based on ideal
operator responses; no out-of-the-ordinary operator problems have
been included; (3) the ocean is assumed to be describable by the
mathematical model discussed below.

B. BISTATIC ACOUSTIC MODEL

The bistatic acoustic model is used to calculate echo-to-background

ratios in the presence of reverberation for fixed transmitter-receiver
separation and a grid of target locations around the receiver. The work
done up to the interim report used a model based on isovelocity ray-tracing
with angular corrections made at the ray point ends to account for re-
fraction. In the second phase of this study a detailed ray trace model

was used. The outputs of these models have been shown to be consistent
and do agree with data measured at sea.

Tables of reverneration as a function of time of arrival at the receiver
arc also printed out for later use. The actual calculation of reverbera-
tion for a given time is carried out by summing the contributions from the
surface, the bottom, and the deep scattering layer each of which is the
result of an integration around an eliptical annulus representing equal
time length paths from the transmitter to the scatterer to the receiver.
These calculations can be carried out to include any number of specular
bottom and surface contacts as well as the scattering contact.

In the first part of the contract, for targets below the layer and trans-
mitters and receivers in the layer, AMOS propagation losses were used.
Later when it was desired tc run cases involving either deep directional
recewvers or deep targets, it was felt that the AMOS data would not be
applicable. For this reason, the pure ray-trace program was used. This,
however, predicts no energy in the shadow zone for a receiver in the layer
and a target below the layer at 1 range greater than 3-4 kyds.

2-4
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(U) To solve this problem, a short study was undertaken to develop mcthods
of calculating energy arriving in the shadow zone. (This study 1s described
in detail in Appendix B.) This study was based on work performed for the
Navy by Schweitzerl, Medwinz, and Nobel® 2nd resulted in predictions of ‘
energy arriving into the shadow zone by means of surface scattering (in-

cluding effects of bubble phenomena) and diffraction. This model applies

to directional as well as omni arrays ind is thus not reciprocal in cases

such as a deep directional array and an in-layer target. The validity of

the model is based on agreement with AMOS data in cases where AMOS

holds.

1 B. J. Schweitzer, "Sound Scattering into the Shadow Zone below an
Isothermal Layer,"” Jourral of the Acoustical Society of America,
Vol. 44, No. 2 (1968), J

2 H. Medwin, "The Rough Surface and Bubble Effect on Sound Proga-
gation in a Surface Duct," 28th Navy Symposium on Underwater
Acoustics, Vol. 1, {¥Ng— 17-18, 1970) (CONFIDENTIAL)

(4]

W, J. Nohle. "Theory of the Shadow Zone Diffraction of Underwater
Sound, '* Journal of the Acuustical Saociety of America, Vol. 28, No. 6
(1956)
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SECTION 1II (C)

SYSTEMS DESCRIPTIONS

f (U) In this study several different systems have been analyzed and there-
fore for the sake of coregisencss and ease of reference, all of the systems
and their parameters will be described in the four tabies following.

RQS-23

\C .
() Function: ‘onostatic system and transmitter for
bistatic buoys

No. of Elements:

Horizontal: 20 (Cylindrical array simulated by
Vertical: 8 planar configurations of equal
beamwidth)

Element Spacing (ft):
Horizontal: . 611

Vortical: (695
Element Shading: Uniform )
Operational Mode: Bottom Bounce and Convergence Zoue

(120° Sector Insonification)
Source Level (dB).* 136 (BB/ODT); 142 (BB/TRACK)

Frequency (Hz): 3500
Pulse Length (ms): 500
Bandwidth (Hz): 100
Pulse Type: LFM
FM Process -

ing Gain (dB): 17

* measured relative to 1 uB at 1 yd.

3-1
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41-X (Bistatic Soncbuoy)

Function: Bistatic and Passive Receiver

No. of Elements
Horizontal: 1
Vertical;: 6

Element Spacing (ft)
Horizontal: --
Vertical: 1.05

Element Shading: Trizonal
Operational Mode: Direct Path

Signal Processing: (Bistatic processor is matched to
transmitter waveform. )

CASS

Function: Monostatic Buoy

No. of Elements
Horizontal: 1
verical: 6

Element Spacing (ft)
Horizontal: -
Vertical: 0,256

Element Shading: Uniform

Operational Mode: Direct Path - Omnidirectional Transmission
Source Leve! (dB): 107

Frequency (Hz): 6500

Pulse Length (ms): 1000

Bandwidth (Hz): 400

Signal Processing
Gain (dB): 26

Only FM performance was considered.
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0S5-23

———————————

Function: Monostatic Sys.em and Transmitter for
Bistatic Buoys

No. of Elements

Horizontal: 20
Vertical: 8

Element Spacing (ft)

Horizontal: 0, 428
Vertical: 0, 487

Element Shading: Uniform

Operational Mode: Direct Path and Convergence Zone
Source Level (dB):* 133

Frequency (Hz): 5000

Pulse Length (ms): 30

Bandwidth (Hz): 320

Signal Processing
Gain (dB): 9 (incoherent processing)

* measured relativetol yuBa. 1 yd.
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Isothermal Layer Depth 150 ft
Deep Scattering Layer Depth 600 ft
Deep Scattering Layer Coefficient -50 dB
Bottom Scattering Coefficient -27 dB
Wind Speed 13 knots
Sea State 3

Velocity Profile

Water Depth

MGS Bottom Class

Depth
(ft)

Velocity

(ft/second) (ft/second/ft)

UNCLASSIFIED

SECTION IV (C)
NORTH ATLANTIC OPERATIONS ANALYSIS

A. ENVIRONMENT DESCRIPTION

The environment studied is typical of early or late summer (night), and
nas the following parameters:

Gradient

15, 000 ft

3

5000 5050

—

, 4950
1 T T {{t/sec)

+2000

0.0
150, 0
300.0

1310, 0
3000.0
4600.0
6600.0

15000. 0

6165

5024.0
5027.0
5002.0
4996, 0
4906, 0
4896, 0
4920.0
5050.0

. 0200

-. 1667
-, 0059
-, 0533
-.0062
.0120
. 0155

B. ACOUSTIC PERFORMANCE

In order to make reasonably accurate estimates of optimum buoy loca-
tions for operations analysis exercises, it is useful to piot the coverage
of these receivers under varying conditicns. The following figures

44000
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410000

112000
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will illustrate some typical coverages although it should be worne in
mind that these coverages will vary somewhat with bistatic separation
and target strength,

Figure 4-1 shows the coverage of a bistatic receiver as predicted by the
earlier version of the bistatic acoustic model. In all of these figures,
the shaded area represents the area of coverage occluded by the first
bottom bounce specular arrival, This figure and all but the following
figure represent coverage corresponding to s 1200 sector insonification
centered on the buoy. This represents a somewhat pessimistic coverage
for contact investigation since the 3QS-26 (BX) actually can operate with a
40° beam in the BB/TRACK mode. For comparison, figure 4-2 shows
the same buoy using this narrower beam. Inthe BB/TRACK mode of the
S38-26 (CX) and (AX) a 100 transmit beam is used; this results in an
area of coverage increased over the 40° and 120° beams due to increased
source level and decreased off axis reverberation contributions.

Figure 4-3 shows the coverage of the same buoy and conditions as figure 4-1,
as predicted by the detailed ray tracing bistatic program including shadow
zone propagation when it exists. Note that the coverage is quite similar
except for a slight lateral broadening.

During the first phase of this contract propagation losses were calculated
using AMOS data. These data indicated a rapidly decreasing buoy coverage
for a 60' receiver as the target went deeper. (A 50% decrease in coverage
was found when the target went from 250' to 400'.) Coverages as pre-
dicted by the detailed ray tracing model with shadow zone propagation
losses indicate that this is not true. Only slight difterences in coverage
were found as the target went to depths as deep as 1200°'.

Figure 4-4 shows the large increase in coverage observed if the target
moves up into the layer.

As a reswit of these coverages, it was found best to deplov the bistatic

receivers at a depth of 60' in the North Atlantic when a layer is presert.

I there is no surface duct, then it is belter to use these receivers at !
1500’ because of the extendéd ray path cc7erage. =~ B 3

Figure 4-5 shows the coverage of a CASS buoy in the same environment

showing the effects of varying target depth and target sirength. The CASS
buoy at 60' does not perform as well as at 1500' as will be seen later in the }
figures showing the results of the operations analysis computer runs. ‘
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‘ 6165 4-4 i

c o
BT g 1, e

CONFIDENTIAL

e r——
" - e S — i e 5 . o o D e TR A
e x5 e T e 2l TR EOLJT WIS c- ﬁ'"‘ﬁw' i ‘*%@* ";"”“’“‘ - i "~ =+ y ';\3\‘5}

g I e e N A : 2 .




et e e b o~

CONFIDENTIAL

Corporation Figure i3

North Atlantic o
Depression Angle 10
BER/ODT
150" Layer Depth

: 950" Target Depth

kyd 120° Sector Insonification
Ti2 Target Strength 15 dB
Receiver Depth 60’
bo
1

E/B=10dB

2 10 kyd

08 5 A

\

4 x
Bistatie

Receiver

-.Fs

1-8

T-10

§ Figure 4-3 (C) Coverage of 41-X Sonobuoy used with SQ8-26 in
BB/ODT Trin%mit Mode
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Figure 4-5

North Atlantic

Depression Angle 0

Direct Path

150" Iayer Depth

55'/300" Target Depths
Target Strengths 15/20 dB
Guoy Depth 1500'

Target Strength
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Figure 4-5 (C) Coverage of the CASS Buoy
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‘These buoy coverages will change as the bistatic separation changes.
Optimum separations are about 45 kyds because for larger separations

the coverage decreases due to propagation losses and for shorter separa-
tion the decrease is due to increased reverberation. Coverage is also good
for large separations when the target is in the CZ. Thus, 2 good balance
of BB and CZ insonification must be maintained by careful use of ship's
docirine and buoy placement.

In the North Atlantic environment studied, the CZ starts at about 69 kyds
and is 3-4 kyds wide. When calculating propagation loss tables which in-
clude the CZ, it was found important to bound the value of propagation loss
at caustics predicted by the ray trace program. The method used was to
bound these losses to a value which is no more than 10 dB less than those
predicted by spherical spreadmg In the light of corrections for caustics
as caiculated by the T\Iavy these bounded values are somewhat conserva-
tive aud thus the CZ detections obtained should be valid.

C. CONVOY SCREENING SCENARIO

This scenario is thoroughly described in the Interim Report and only the
nighlights are presented here. All of the computer run results will be
found in Appendix A.

All the cases studied in this scenaric are related to the problem of re-
detecting a submarine attempting to penetrate a destroyer screen protect-
ing a high value convoy. The initial detection is assumed to occur in the
convergence zone at a range of about 70 kyd., The uncertamty in azimuthal
target position is assumed to be +5 , and the uncertainty in range is con-
sidered negligible in comparison,

The destroyer speed is in all cases kept at 15 knots and the submarine
speed is assumed to be between 6 and 15 knots. (Higher sutmarine velo-
cities would result in passive detection of the target by the remote sono-
buoys due to greatly increased radiated noise levels with speed. )

A below-layer target at 250 ft was chosen as being most likely. Two types
of target tracks were considered: closest point of approach (CPA) and
trangit directly toward the picket line (180° from the N-S axis).

As a result of analysis, it was found that two buoys wouid be sufficient
to acromplish the task of redetection, and thus, in the analyses shown
here only 1 or 2 buoys are used. Localization could be accomplished

using MAD or additional buoys.

1 Private conversation with Mr, C. Spofford of the Office of Naval
Research, (Maury Center)
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Each exercise illustrated will be discussed by reference to a figure show-
ing the physical geometry and another figure showing graphically the ef-
fectiveness of each receiver used during that exercise. Using figures
4-6 and 4-9 as examples, their contents and meaning are described

as follows:

Figure 4-6 illustrates the geometry for a typical exercise showing the
destroyer track, five submarine tracks spanning the +50 in azimuthal un-
certainty of the target datum, and the location of the remote sonobuoys
with their nominal coverage indicated as described above, The large cir-
cles around the submarine tracks indicate the extreme possible locations
of the target at the time the first sonobuoy is dropped. All exercises as-
sume . laurch delay of 10 minutes and a helo speed of 120 knots, with an
average time late of 22 minutes.

Also located on this figure is a table containing the mission cumulative
probability of detections (CPD) for the three ship tracks used. The
average is over the five submarine tracks run and the resulting value
is the CPD for detection by at least 1 of the receivers (based on an ex-
pression of the form 1-(1-P;) (1- P,) (1- P, for three recsivers,
averaged over the five suomarme tracks. The worst case value refers
to the lowest of the individual submarine track CPDs described above.
These figures then give a good indication of the mission effectiveness
and its weakest point.

Figure 4-9 illustrates the individual receiver data presentation for a
typical set cf exercises, This data gives the CPD at the end of the exer-
cise for each of the rezeivers used and thus allows a direct comparison
of the effectiveness of each receiver as well as a quick visual interpreta-
tien of the total mission effectiveness. For example, in this figure, the
vat: for {i:e exercise involving a target datum at 60° and a ship heading
of 07 inaicates that the total mission effectiveness was good mainly due
to the monostatic performance while the bistatic receivers were not vse-
ful for these target tracks. The data for a target datum at 0° and a ship
heading of 90° indicates just the opposite; the mission effectiveness is
good due to the combined performance of the bistatic receivers while the
monostatic performance is poor.

Figures 4-6, 4-7, 4-8, and 4-9 show the results for a submarine in the
trangit mode at a speed of 10 knots, sub track of 180° and a depth of
250 ft. For the target datum at (0 the results are all quite good, the
best being for a ship track of 90°, This is true because in general if
the ship closes the target (as in the 0° and 45° ship tracks) the reverb-
eration increases faster than the signal strength and so the E/B ratio

4-9
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Figure 4-6
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Figure 4-6 (C) Convoy Screening Scenario - Target Heading 180°
Datum at 0°
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decreases. This result appears true in all cases and thus unless there
are other reasons for doing so, it is not necessary or even wise for the
ship to close the target.

With a targes datum at 30° the best results occur for a ship course of 0°.
This is a demonstration of the effect of target aspect since this course
causes the sub to present the best target aspect to the ship. The 90°
course is clearly the worst because it terds to minimize the target as-
pect.

For adatumat 600, the mission CPD 15 quite good for all ship tracks pri-
marily due to the high monostatic performance due to the target aspect.
Bistatic performance is poor and it can be seen from the figures that this
is due to a poor choice of locations for the buoys. The buoys in these and
some other sets of exercises shown in the Appendix were placed so as to
attempt to protect the full quadrant; however, it will be shown below

that this can be accomplished more effectively using a somewhat differ-
ent criterion for buoy placemenit. For targets ona a CPAcourse, it
was found that the best results were cbtained when the ship heading was
determined in relaticn to the target datum. One buoy was planted with
the sub and ship courses in mind. The data is shown in figures 4-10
through 4-13 ana the resualts are very good rxcept for the case of the

ship heading straight at the target. Target datum beyond 25° are not
analyzed since it has been shown earlier that these cases are easily
coverred due to improved target aspect in both the bistatic and monostatic
rodes,

Figure 4-11, the geometry for ship tracks making an ang'c of 45°% with
respect to the datum illustrates a very effective concept. In a subm. rine
CPA mode, if the ship's heading is chosen appropriately, the target 2n
be made to travel along a 0path of minimum uncertainty. That is, the un-
certainty of azimuth is +5~, but the tracks snown lie close to one another
and thus the bistatic receiver is more efiectively utilized.

It is interesting to see the effect of a variation of target speed ou the
effectiveness of these same buoy plants for the ship heading of 45° rela-
tive to the datu.n. The performance was considerably reduced when the
target had a speed of 15 knots. This is due to the change in target CPA
heading whicli c2uses some tracks to run "inside" the buoy, causing it

to be either cutside the buoy coverage or in the area of specular interier- i
ence.
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(C) A new buoy plant was tried to cover variations in target speed; near
unity effectiveness was obtained for target velocities of 6, 10 and 15
knots. Thus, a signle buoy plant is extremely effective in detecting a
target in the CPA mode regardless of the initizl target datum.

. (C) Earlier results have shown that two proverly placed buoys can provide
high effectiveness against a target traveling in a straight line toward the
picket ship.

(C) Insummary, for convoy screening, three buoys should be sufficient to
prevent the penetration of a destroyer screen by any target once it has
been detected in the convergence zone,

(C) An optimum strategy to accomplish the above is for the ship to follow a
course which makes an angle of about 450 mith respect to the target datum
i and to plant three scnobuoys, one which assuwies a target track of CPA and
: two which assume a target track of 180°,

(C}) For a submarine which chooses t» follow a course other than CPA or 180°
and which intends to attack the convc: further down range, an advancing
screen can be used as illustrated in figure 4-14. This strategy forces the
target to penefrate the buoy barrier in order to prezent a threat.

P AL Y

E ~ D. TARGET PROSECUTION SCENARIO

e (C) Two scenarios are discussed here, one assumes an initial active CZ con-
ey tact against a conventional submarine with an azimuthal undertainty of
- B +5Y, The second assumes a SOSUS detection against an SLBN target.
1 Many computer runs were made to determine optimum buoy configuration
and ship tactics and on!; the highlights will be presented in this section.
i A full summary of computer runs is contained in Appendix A.

! (C) The goal of this analysis is to redetect a target which may attempt to
evade the ship. This is accomplished for each scenario by calculating
the cumulative probability of detection for each submarine track as the

i submarine runs in a different straight line track from the datum, For
. each target datum, 12 sub tracks are run with courses from 0° to 3300

i in steps of 30°, In order to verify that this was a fine enough sampling,

, one scenario was fanalyzed with 150 target track increments with little

! . change in total mission effectiveness,

\
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Buoy plants were determined from 10° target datum uncertainty plus
time late considorations. Runs were made for target datum gpanning
107 uncertainty. There was little performance variation with actual
target position across this uncertainty. Therefore, for subsequent
analysis only one datum was considered,

Each figure is self-contained in that the gcenaric and resvits are all con-
tained on the illustration. The data in the upper right gives the scenario,
system data and initial conditions. 'The sketch in the vpper leit shows

the ship's track, the target datum and the buoys numbered in the order

in whichk .".ey are dropped by the helicpter. This is followea by one or
morc se s of radial lines which represent the various target tracks fol-
lowed by the submarine from the indicated datum. The numbers located
on the center of these lines represent the total mission effectiveness
against a target following that track., (For an explanation of total mission
¢ffectiveness, ses Section IV-C.) The numbers at the end of each linc
represent the cumuiative probability of detection for each useful receiver
for that track ard the receiver number. (Thus, .95-6 means receiver 6
had a CPD of .95 for that target track.) The number M is the average of
the total mission offectiveness over all the tracks and is thus most indica-
tive of the success of the strategy used. PM is the average multi-
static effectiveness over all the tracks usinty OAty the highest individual

CPD for each track, P 1ST is the same as P using only the high-
est bistatic receiver Cﬁ:v. ¥ ONO is as above using only the mono-
static system performance. M and P thus give a relative

weight to the importance playec? {%Tthe morxé\égi]&(g receiver and the

bistatic receiver in obtaining the total mission effectiveness. It will be
ooserved in the following two sections that the 3QS-26 monostatic system
plays an important role in mission effectiveness when the target elects
either to run toward the ship at an angle which results in a good target
aspect or when the target moves away from the ship in such a manner as
to keep it in the ship's CZ for some reasonable period of time. An intelli-
gent target would probably avoid these courses but then the bistatic buoys
will come into play more often.

Several 6-buoy piants were tried and the best cf these is shown in figure
4-15, While the performance is fairly good, there are several weak spots
in the coverage and therefore 8-buoy piants were tried with several differ-
ent ship tactics. The best of these is shown in figure 4-16., Here the
total mission effectiveness i% over 90 percent and this holds for target
datum spanning the entirz 10~ azimuthal uncertainty., The ship's strategy
here is to run a dog-leg course towards the datum in order to maintain
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6165

4-23

CONFIDENTIAL




D b i Y 6 W ey st AT

., A YT,
; e 2 ST T » K . - el
N | * -
. 1
.
s .
. .
-

CONFIDENTIAL

eltine

Corporation

(C)

(C)

(€)

CZ coverage for targets running away from the ship while not closing
too rapidly on targets headed towards the ship. The buoys are planted
on a spiral determined by the time late of the 120 knot helicopter at
each location. Gaps in buoy coverage are left where monostatic detec-
tion is virtually assured due to a closing target wi‘h good aspect. This
particular plant was analyzed in detail and the remainder of the runs are
shown in Appendix A.

An important result found here is that in about 50 percent of the cases
the target is detected simultaneously by two or more receivers and thus
localization is possible. Such a localization could be followed up either
by a weapons drop or by a2 MAD sweep iollowed by a weapons drop.

In order to investigate the effects of time late, several scenarios were
run assuming rocket launched sonohuoys where the delivery speed was
about 1400 knots. This significantly reduces the time late spiral and thus
reduces the number of buoys required for detection.

In this case, it was found that 3 buoys were sufficient to give performance
equal to that of 8 helo-dropped buoys. This run ig shown in figure 4-17
where it was found best to run the ship straight at the datum at a reduced
speed of 6 knots, which maximizes the time the target remains in the CZ.

Because of the much smaller uncertainty area when using rocket launched
vonobunys, it is possible to operate the SQS-26 in t... BB/TRACK mode
where it has a source level of 142 dB and reduced reverberation interfer-
ence. This will result in increased kuoy coverage and now two buoys
will give the coverage of the 3 used previously.

In this BB/TRACK mode of the SQS-26 (AX) or (CX) the monostatic per-
formance is considerably increased. However, the bistatic receivers
are still required in order to hold the target for localization.

Target prosecution studies were also carried out against an SLBN type
submarine, The SLBN is considerably larger than a conventional sub~
marine and is assumed to average 5 dB more target strength. C2Z
contact prosecution of such a target was considered trivial, based on re-
sults for a conventional submarine. Instead, a brief study was made

to determine the uncertainty area which could be covered by 8 buoys f\
against an SLBN, '
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The buoy plant is shown in figure 4-18 along with zome of the target tracks
run., The ship is assumed to be about 90 kyd from the center of the uncer-
tainty area and thus its tactic is to first :make a high speed sprint towards
the datum: and then slow down to a speed of 15 knots. This avoids the
possibility of the sub running outside the range of the SQS8-26 trans- i
mitter.

e

Thirteen target tracks were run for each target direction; one at the cen-
ter of the uncertainty area, and four each on circles of radii 10, 20, and
30 kyds.

The results for these runs are shown in figure 4-19. With the exception

of a few weak spots, the effectiveness of the multistatic system against

this type of target is quite good. These results could probably be improved
even more if the buoy plant were slightly modified.

Thus, it appears that a multistatic system comprised of the 3QS-26 and 8
remote sonobuoys can be effective against an SLBN in an uncertainty area
of about 700 nm” (a radius of 15 nm), This area could be increased even
more by utilizing two ships and increasing the spacing of the buoys.

For purposes of comparison, an analysis of the CASS system was made
in the same scenario as that of the SQS-26/41-X system shown in figure
4-16. The performance of the system against a 300' target is ‘llustrated
in figure 4-20. Additional target derths of 55' and 600' were analyzed,;
these results appear in the appendix.

The operations analysis model cannot presently be used to analyze CW
systems and therefore the CASS system was analyzed in the FM mode
even for high (10 knot) doppler targets. Use of an acoustic program
developed to analyze CW systems shows that the range coverage of the
CASS buoy in the CW mode is almost identical to the coverage in the FM
mode as shown in figure 4-5, The variation of coverage with target as-
pect in the FM system does not correspond to variations of coverage

due to target doppler. The difference is that the CW system would con-
tact the target somewhat sooner (as the target was approaching the buoy).
then lose it temporarily (target at beam aspect) and then again contact
the target as it started moving away from the buoy. The net area cover-
age however predicts almost identical system performance. Thus, the
analysis of the CASS system can be accomplished using FM predictions. 3
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In the North Atlantic, it is found that the SQS-26/41-X system operates
best with the receivers at 60" because the deep (1500') bistatic receivers
have more reverberation. Fcverberation is not a major problem for
the CASS system; the deep system perfcrms better against below layer
targets than the shallow (60') CASS system because of improved propa-
gation conditions.

Five CASS buoys were deployed around the same time late spiral as that
used for the bistatic case. The system effectiveness is shown in figure
4-20. Comparing these results with those of fignre 4-16, it is clear
that equivalent performance could probabiy he achieved with only 4
CASS buoys.

The CASS system was also analyzed for targels at 55° and 600'. For the
deeper target, there is little difference in sysiem performunce, For a
target at 55', however, the CASS system at 1500° performs somewhat
poorly due to the target being in the layer and the non-reciprococity

of sgadow zore propagation to a directional buoy with a depression angle
of 07, In conirast, the bistatic system with a shallow receiver will per-
form well agrinst an in-layer target. This situation could, of course,
be remedied by deploying CASS at 60' but then the performance for be-
low layer targets would suffer.

To compare the bistatic receivers with CASS is not straightforward.
CASS alerts the target to the fact that the lucalization process has be-
gun. In addition, detection of high speed targets (greater than 15 knots)
would require the delivery of passive huoys (e.g., SSQ-41). Different
target depths alsc affect the comparison as shown above.

Iznoring these differences, we may compare the systems on the basis
of four CASS buoys to eight 41-X buoys.

The cost of a CASS buoy is around $300 while that of the 41-X is about
$ 100. Thus, the bistatic system has a cost effectiveness advantage of
four-to-one over CASS. From a tactical point of view, the bistatic
system is superior in that a target hearing an active source pinging

at close range will alter its course to present a reduced aspect to

that buoy thus reducing buoy performance, while in the bistatic system
the transmitter is at a large distance and the target has no way of know-
ing whether it has been detected. If the ship cannot get within CZ dis-
tance of the targel in time, then CASS would be the better system for
target prosecutior because it is a self-contained system needing only
an aircraft to deliver it, Except for this case, however, it appears
that the bistatic system is superior to CASS for target prosecution.
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SEC™ION V (C)

MEDITERRANEAN OPERATIONS ANALYSIS

A. ENVIRONMENT DESCRIPTION

Two Mediterranean environments were studied; one where a 100" layer

was present typical of the mcaths from October to March, and ancihex

where ro layer was present which is usual for the months from April

to September. The parameters describing the environments studied

are shown below:

WINTER

Water Depth (it)

DSL Depth (ft)

Layer Depth (ft)
Bottom Scat. Coef. (dB)
DSL Scat. Coef. (dB)
Wind Speed (knots)

Sea State

MGS Bottom Class
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; Depth (ft)  Velocity
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B. ACOUSTIC PERFORMANCE

The coverage of a bistatic receiver at a Gepth of 60' and separated

from the SQS-26 transmitter by 25 kyds in an environment with a

layer is shown in figure 5-1. The very broad coverage is a good in-
dicator that the system will peiform very well in this environment. The
odd shape of the contour ig due to the start of the CZ at a range of 32 kyds
from the transmitter. As the bistatic separation increases to 45 kyds,
the coverage becomes more circular with the width reduced by about 30
percent. For deep receivers (1500') the coverage for below layer targets
is better than for :hallow receivers; however, for in-layer targets the
coverage area is only about 6 kyds in diameter. .

For a velocity profile with no layer, the coverage for a 60' buoy is shown
in figure 5-2. This poor coverage is due to the fact that there is a shadow
zone caused by the receiver being near the surface but there is no surface
duct to propagate energy for scattering into thiz shadow zone.
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Another interesting fact about these environments is that a receiver at
1500' is in a depressed sound channel and therefore propagation losszs
irom a target to the receiver are quite low over very long ranges so per-
formance is limited in this case mainly by the losses in the transmitter/
target path.

Because the critical depths in the Mediterranean environments are only
about half that of the North Atlantic, the CZ appears at about half the
range of that in the Atlantic. The CZ's begin at about 32 and 36 knots re-
spectively for profiles with and without a layer and reach out to about

57 kyds. This very broad CZ allows virtually all detections to be made
in the CZ area and the resulting system performance can be expected to
be quite good. Because of the appearance of the first CZ at 32 kyds, it
was considered feasible to investigate the possibility of target contact and
prosecution in the second CZ which staxrts at 64 kyds and extends out be-
yond 80 kyds. As will be seen below, this performance turns out to be

fairly good.

1t is interesting to compare the performance of the multistatic system
when the SQS-26 is replaced by the 9QS-23. Figure 5-4 shows the rela-
tive monostatic performance of the 26 and 23 in the Mediterranean. It

is clear from the figures that the monostatic performance of the 26 will
be very good resulting in near unity cumulative detection probabilities

for targets which pass through the zone. SQS-23 coverage is considerably
smaller and this performance will be correspondingly lower.

Figure 5-5 shows the coverage of a bistatic receiver using the 5QS-23
as transmitter. Comparing this with figure 5-1, the performance using
the SQS-26, gives a good indication of the decreased performance to be
expecled in exercises using the SQS-23/41-X muitisiatic system.

C. SCREENING SCENARIO IN THE MEDITERRANEAN

Very little need be said about the effectiveness of convoy screening in

this environment. 1f a comparison is made of the buoy coverages in the

North Atlantic and Mediterranean and it is recalled that convoy screen-

ing is very successful in the North Atlantic, then it must be concluded i

that screening operations ir the Mediterranean will be highly successful

and the same doctrine could be used here, )
i
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Figure 5-3 (C) Coverage of 41-X Sonobuoy; Mediterranean with no
Surface Duct; Receiver at 1500'
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D. TARGET PROSECUTION IN THE MEDITERRANEAN

This scenario assumes a target datum near the middle of the CZ,

(40 kde with layer, 45 kyds without layer). An azimuthal uncertainty

of +5~ is assumed and buoys are deployed on a time late spiral determiner
by the track of a 120 knot helicopter,

Figure 5-6 shows the bes! of a series of 6 buoy plants for a target at 300'
using 1500' receivers. As can be seen the mission effectiveness is very
high and because of the overlap of buoy coverages, the probability of
simultaneous detection and thus of localization is quite high.

A series of 4 buoy plants were run and some of the results are shown
here.

Figure 3-T and figure 5-8 show that, for below-layer targets, a set of
deap receivers performs somewhat better than shallow ones, Figure
9-9 and figure 5-10, however, show that for a target in the iay 1, the
shallow receivers perform considerably better. Thereiore, unless
the target depth is known, it is better to deploy shallow receivers in a
Mediterranean environment with a layer. A test was also run for a
daytime scenario where the DSL moves down t» about 1000'; there was
little change in system performance.

Tigures 5-11 and 5-12 show that for an environment with no layer and a
shallow target, histatic performance is relatively poor for receivers at
b th depths. One would expect the deep receivers to be slightly more
effective based on the buoy coverage shown in figures 5-2 and 5-3; the
shallow receivers have slightly better performance. This is due to the
difference in arrival times of specular interference which reduced the
coverage of the deep receiver.

Figures 5-15 and 5-14 show that, as predicted, the deep receivers do
significantly better against 300' targets. This performance has been
found to hold true for targets as deep as 1200’

A few runs were made to coe if target prosecution could be carried out

in the second CZ if a contact was made there. Figure 5-15 shows the best
results which were obtained. One of the problems which is encountered

in operating in the second CZ is the fact that the sonar is normally ping-

ing with a 60 sec period for first CZ detections and, iherefore, reverber-
ation from a later pulse may interfere with the monostatic performance

of the echo from the previous pulse. Nevertheless, it does look feasible

to operate bistatically in the second CZ if sufficient sonobuoys are available.

5-10
CONFIDENTIAL

LSRRI~




-

[

- W

Corporation

KYDS
90 |
80 L od
10 4
60 L
TARGET
= DATUM
50

b

&
G

<0

SHIP TRACK
o ] (RCVR 1)

] } e ) S
H

1 t
-20 -10 0 10 20 KYDS

Figure 5-6

ENVIRONMENT ;
LAYER DEPTH (FT): 100
SYSTEM: SWS-26/41-X
XMTR MCDE: &B8/00T

TARGET SPEED (KNOTS)

AIRCRAFT SPEED (KNOTS):
BUOY DEPTHS (FT)

TARGE™ DEPTH (FT): 300

MEDITERRANEAN

10

SHIP SPEED (KNOTS): 15

1500

120

= 1,00 M= 1,00

= .98
= 1.00

1.0-1
199-2
1,0-3
424

1.00~1
.22-2
.92=-3
«§3-4

1,0-1
.33-3
834
,H9=5

1.00 1,00

1.0-1
.78=-2
+46~3
T
.97-6
1.0-7

1.0-1
2 35-4
07-5
1.0-6
637

1.0-1
23-2
.20-3
.18-4
.25-5
.98-6
1.0-7

1
3
-4
5
6
7

Figure 5-6 (C) Target Prosecution in Mediterranean; 6 Buoy Plant;
Target Below Layer; Receivers at 1500
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Figure 5-7 (C) Target Prosecution in Mediterranean; 4 Buoy Plant;
Target Below Layer; Receivers at 60’
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ENVIRONMENT: MEDITERRANEAN
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Figure 5-8 (C) Target Prosecution in Mediterranean; 4 Buoy Plant;
Target Below Layer; Recelvers at 1500/
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~ Figure 5-10 (C) Target Prosecution in Mediterranean; 4 Buoy Plant;
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Figure 5-15 (C) Target Prosecution in Mediterranean Using Second CZ
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Predictions of the results for operations analysis utilizing an SQS-23/
41-X gystem in the Mediterranean have already been des¢ribed in
Section V-2, The system will perform well bistatically, but because
of the limited performance of the 23 monostatically there is less like-
lihood of obtaining localization using this system.

Although operations analysis was not run for this system, it is clear
from a comparison of typical buoy coverages that the SQS-23/41-X
system in the Mediterranean will have performance equivalent tc the
9Q8-26/41-X system in the North Atlantic.
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CONCLUSIONS AND RECOMMENDATIONS

(C) Operations analysis conducted during this study, combined with the
results of at-gea bistatic exercises lead to the conclusion that the ad-
dition of a bistatic capability to the present monostatic systems can
provide significant advantages over existing sonar systems. DBecause
of the passive capability of the bistatic receiver, these advantages can
be obtained with little extra cost in most exercises since at present, pass-
ive buoys are often used in thege scenarios.

(C) The multistatic approach offers several tactical advantages over present
systems, the main one being the fact that a target hearing an active ship
transmitter cannot easily find an escape route since it is unaware of the
location of the remote sonobuoys. In contrast, the CASS system has the
ability to operate in locatious rurther from the ship since it contains its
own transmitter.

(C) An important result of the addition of a bistatic capability is the target
localization and depth estimate which can be obtained. This subject
should be pursued further in future studies.

_ (U) Although only a few environments have been studied in detail, it is ap-
parent thet the multistatic system concept will be useful in most of the
major oceansg and seas.

(U) The results of studies of multistatic systems over the last four years
indicate that bistatics offer a highly useful adjunct to the Navy's exist-
ing sonar capabilities and that these systems merit further investiga-
tions both analytical and experimental.
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PART 1
CONVOY SCREENING IN THE NORTH ATLANTIC
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Corporation Figure A-43
!
ENVIRONMENT:  NORTH ATLANTIC
LAYER CETid (FT); 150
SYSTEM: SJ5-26/41-X
XMTR MCOE: %7,0DT
TA - FT DEPTH (IT); 250
TARC .U SEEED (KNOTS): 10
SHiP SPEZD (KNGTS): 15
AIPCRAFT SPEED (KNCTS): 1400
KYDS SUCY DEPTHS (FT); 60
90 L
80 L TARGET FuuLT = .65 M= .66 4
DATUM .
PriT = .56
CPO Cotw e
& .06-2 J
.68-3
60 ¢+ .69-1 .09-1
5S4
.01-4
‘a0
.72-1
30 + .22‘3
1.0-4
20 SHIP TRACK h
{RCVR 1) 1.00-1
2973 4
10] .78~4
— r— ioe
2. =10 0 10 23 KYDS DATUM .0-2 .01-1
{0, v0) ’
i
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i
N
{
z 4
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Figure A-44

ENVIRONMENT: NORTH ATLANTIC
LAYER DEPTH (FT); 150
SYSTEM: SuS5~-26/41-X

XMTR MODE: §8/0DTY

TARGET DEPTH (FT): 250
TARGET SPEED (KNCTS): 10
SHIP SPEED (KNOTS): 15
ATRCRAFT SPEED (KNOTS): 1400
BUOY DEPTHS (FT): 80

TARGET
DATUM

SHIP TRACK
= (RCVR 1)

¥ ¥
16 20 KYDS

PMULT = ,92
Peist = .64

PMONO * +86
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] porelin Figure A-45

o ‘
~ —

ENVIRONMENT; NORTH ATLANTIC
LAYER DEPTH (FT): 150
SYSTEM;  SuS-26/61-~X

‘ XMTR MODEa: BB/TRACK

) TARGET DEPTH (FT)s 250
TARCEY SPEED (KNO1S): 10

’ SHIP SPEED (RNOTS): 15
ATRCRATT SPEED (KNOTS):¢ 1400

BUQY DEPTHS (FT): 60

KYDS
‘. 0 1
i TARGET
ATUM
80 | ° PuuLt = +99 M= 1,00
Paist = .90
< P * .99
- MCNO * *
1.0-1  .99-1 1,0-1
) 60 1 .90~2  .10-3 24-3
i i .24~3 l 884
) ;
i ( 5¢ L 1.0
1.0
I . .95
ho L o
{ L96-1
30 o = 1.0_2
t s
20 4 ‘ -
« 1.0-
1 .95-2
1.0-
: 10 SHIP TRACK
N § (RCVR 1)
3 i i — s
L Al L] v
- - o
l 20 -10 0 10 20 KVDS DATUM
€0,70)

PMULT = ,%9 M= ,99

f
? Pprsy = .89
PronND * +99 3 0-1 Lp1-1
.69-2
’ 135
Y 1.0-1
.96-3
N 1.6-4
.95-1
1.0-4 )
‘ ! 1.0-3
- 1 .12-3
‘ 1.0-4 ;
g 1.0-1 l 1.0-1
i‘ LI S
’ DATUM y .57-3 . {
t6,70) 74 .
j g ‘{\
5 }
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Corporation
KYpsS
90 4.
__ TARGET
DATUM
80 4
2
60 L
50 4
40 L
30 L
20 L
10 £
T+ SHIP TRACK
(RCVR 1)
A 4L 3. L
L) T ¥ L]
-20 -10 O 10 20 KYDS
’
)
6165

Figure A-46
¥
ENVIRONMENT s NCRTH ATLANTIC
LAYER DIZPTH (FT), 150
SYSTEM, Su$=-26/41=X
XMTR MOOE: BR/TRACK
TARGEYT DEPTH (FT)y 250
TARGE™ SPEED (KNOTS): 1O
SHIP LPESN (KNOTS): 15
AIRCRATT SPEED (KNOTS): 1400
BUD' UEPTHS (FT), 60
{
PuuLt = +99 M =1.00
Pgisy = .84
PmoNO = .99 .99-1
.06-2 1.0-1
.09-3 .15-2
.77-3
1
.86-3 .89 - .72-3
DATUM .69_;
(0,70) 70-3 {
PuuLt = -98 M= .98
Pgrst = -80
PMom = ,98
1.0- .81-1
L27-2  +40-3  gg-1
53-3 ;31-3

1,0-1 1.0-1
1.0-2 .91-1 1.0~3
DATUM .89~3
$6,70)
A-51
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Corporation

Figure A-47

ENVIRONMENT: MNORTH ATLANTIC
LANIR CEPTH (FT): 150
SYSTEM:  SuS-26/41-X

XMTR MODE+  B%,007

TARCET DEPTH (FTsr 250
TARGET SPZED (KNTTS): 10
SHIP SFEED (KNOTS): 15
AIRCRAFY SPEEDD (ANCTS): 120
TARGET BUQY DEPTHS (FT): 60

DATUM

SHIP TRACK
(RCVR 1}
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Corporation . .
Figure A-48
SNVIRGNMENT:  NORTH ATLANTIC |
LAYER CFPTH (FT) 150
SYSTEM: SuS=-26/41-X
XAMTR MODE: &G/0DT
TARGET DEFTR (F1), 250
TARGET SPEED (KNOTS): 10
SHIF SPEED (KNCTS): 10
AIRCRAFT SPEED (KNOTS), 120
EUGY DEPTHS (FT): 60
TARGET
DATUM
PaoLt = .87 M = .08
Parst = .87
@——4 PVONO = .53 L41-1
(93
WA
40 |
30 |
20 |
+
A SHIP TRACK
10] (revr 1
. , .98-1 77—
1 et 3-8 241 e
-20 -10 0 10 20 KYDS ‘39-8
DATUM -
.80-9
(0,70}
pMULT = ,78 o= b3
PBIST =z ,58 96-1
L0714
Pmorio = 57 oy 12073
.20- .29-6 .
15 211
\ /
L73-3 .24 [1.00 031
G- .81 -, 05-6
.8t \\\ //,/’
~_ \ |/ 709
1.0-1 1.00 L24-1
1.0-2 59 .99~
1.0 }
1.0-1 .97 1.00 1.0-1
. 769 .92 1,0
1.0-1
.84-1 .06-8
.56-8  .28-1
DATUM .52-9  ,91-8
6,70
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Figure A-49

Carporation

.
e

ENVIRONMENT:  NORTH ATLANTIC
LAYTR LUEPTH (FT): 150
5YSTEM;  S25-26/41-X
AMTR MODE:  E7/0DT
TARVET LCPTH (FT)s 250
TARCET SPEID (¢NQTS)e 10
SHIF SPEE. (KNCTS): 6
AIRCRAFY SOELD (KNQTS): 120
FUOY DEPTHS (7T)r 60

o Frter

TARGET

DATUM
PauLy = 93 M =.96

Parsy =
PMONO =

D e e e
.
o
>
1
[\

. i
£  sHiP TRACK 1,00-
o] e D .21-2

¢ ¢ $ t DATUM
-20 -10 © 10 20 KYDS (0,70)

6165 A-54
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Figure A-50

ENVIRONMENT: NORTH ATLANTIC
LAYER DEPTH (FT): 150
. SYSTEM: SQS=26/41-%
XMTR MODE: B88/0DT
TARGET DEPTH (FT): 250
TARGET SPEED (KNOTS): 10
SHIP SPEED (KNOTS): 30/10

N AIRCRAFT SPESD (KNOTW): 120
‘ KYDS . BUOY DEPTHS (FT): 60
90| TARGET
. /- DATUM
PuuLt = .75 M= .74
: )
@ L3 PBIST = .68
(:) 70 (::> PMONO = 38
| " 444 041
; 9 «22-3 116
i i . X
‘ 504 .
l - ~ .74-3
i 401
§
: SHIP TRACK 46-1
304 (RCVR 1) .90-2
y 3 . 204
: ' . 1.0-1.~
~ i0d 1,0-2
} {
{ 1
5 i i 1 i
’ o I 1 T
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rinzeltine Figure A-51

Comraiion

ENVIRONMENT: NORTH ATIANTIC
LAYER DEPTH (fT):¢ 150
SYSTEM; SWS~=26/41-X

XMTR MODE: BB/TRACK

TARCET DEPTH (FT): 250
TARGET SPEED (KNOTS): 10
SHIP SPEED (KNOTS): 15
AIRCRAFT SPEED (KNOTS): 1400
8UOY GEPTHS (FT)s 69

TARGET
CATUM

SHIP TRACK
(RCVR 1)

e e a——
10 20 KYDS

«56-1
.68-4 _g6~1
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{ Figure A-52
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¢
ENVIRONMENT: NORTH ATLANTIC
‘ LAYER PEPTH (FT): 150
SYSTEM,  SQS-26/41-X
XMTR MODE: BB/TRACK
TARGET DEPTH (FT}s 250
TARGET SPEED (KNOTS): 10
SHIF SPEED (KNCTS)y 15
AIRCRAFT SPEED (KNOTS) 1400
KYDS BUOY DEPTHS (FT): 60
s0 4
‘ so 1 TARGET Pt = <37 M = .99
DATUM Pojar = -89
2 PMONO = .97 .72-1
98-1 2972 98-
60 1 97-2  ° .19-2
.12-3 .95-3
50 4 1,0-?
s .99-3
“a0 4
. .96-1
' 30+ 1.0-3
. 20 4 1.0-1
T shie TRACK ;622
10 4 (RCVR 1) .
~ [
4 4 I 4 3 1.0-1 1,0-1
¢ DATUM  .T76-2 .89-1 2R
20 -16 0 10 20 KYDS (0.70) .83-3 ‘682 "32-3
g .69-~3
!
{ PauLt = .92 M =.95
ParsT = .84
i Pmonn = +91
.99-1 .56-1
«65=2 46-3 gl

-

ety

1.0-1 1,0-1
1.0-3 w921=1 1,0-3
CATUM +89-~3 .
(6,70
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Corporation

~20

KYDS
90 L
80 4.
70 L
60 L
TARGET
- DATUM
©)
SHIP TRACK
(RCVR 1)
-10 0 10 20 KYDS

PruLy * .96
Perst = .77
PMONO = +96

DATUM
(0,40)

Figure A-53

ENVIRONMENT; MEDI TERRANEAN
LAYER DEPTH (FT): 100
SYSTEMy SLS~26/41-X

XMTR MODE: B8/00T

TARGET DEPTH (FT): 250
TARGET SPEED (KNOTS): 10
SHIP SPELD (KNOTS): 15
ATRCRAFT SPEED (KNOTS): 120
BUOY DEPTHS (FT): 60

M = .96
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Corporation Figure A-54

ENVIRONMENT: MEDITERRANEAN
LAYER DEPTH (F1): 100
SYSTIM:  SWS~25/41-X

XMTR MODE. 8B/00T

TARGET DEPTH (FT): 250
TARGET SPEZD (KNOTS): 10
SHIP SPEED (KNOTS): 15
AIRCRAFT SPEED (KNOTS): 120
BUOY DEPTHS (¥FT): 60

60 L

50 4. TARGET

@ 7 DATUM
o ®® |

SHIP TRACK -
(RCVR 1)

(3 4
4 A
. .94-1
20 KYDS : (1.0-6)
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Figure A-55

Terporation
ENVIRONMENT s  MEDI TERRANEAN
WAYER DEPTH (#T): 100
SYSTEM: SuS5=26/61-X
XMiR MODF: BB/0DT
TARGET DEPTH 4FT): 300
TARGET SPEED (KNOTS): 10
SHIP SPEED {KNOTS): 15
AIRCRAFT SPEED (KNOTS), 320
" ET), &
KBS BUOY DEPTHS (FT); 60
i
904
80
70
60
TARGET
DATUM
%
X
204
?  suie TRACK
10.L ¢RCVR 13
s d L i
¥ ¥ 2 -
120 -10 O 10 20 KYDS
Yos DATUM .95-6
{0,40) .95-7
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¥igure A-56

ENVIRONMENT: MEDITERRANEAM
LAYER DEPTH (FT): 100
SYSTEM: SwS-26745i-X

XMTR MODE: BB/00T

TARGET DEPTH (£T)y 300
TARGET SPEED (XNOTS): 10
SH1P SPEED (KNWNOTS): 15
AIRCRAFT SPEED (KNOT3): 120
BUOY DEPTHS (FT): 1500

PyuLt = 1.0C M= 1,00
PgIST = .98 1.0-1
= ,26-2
Pyono 1.00 1.0~ 1.0-23 1.0-1
992 1.0-4 .96-3
: 2 4~5 1.0-4
1,0-3 * o7
P54 y
1.0-1 {\ 1,0-1
1.0-2 1.00 .97-3
1.0 3 ‘ 1.00 1,0-4
93~4 1.0-5
%7 .93-6
1.0-1
.62-3
«89-4
.51-5
1.0-3
b ,//”1.00 09 -4
Q9=3 .00]1.90 ‘a
.50=7 . '~§‘2
7.0-1 1.0-1 29
«67-2 L4604
Ja1-3 67-5
98- .
1.0-6 ‘9$_§ .94~
. 947 (6 1,6-7
DATUM .39-6
(0,60) .98-7
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ENVIRONMENT; MEDITERRANEAN
LAYER DEPTH (FT): 100
SYSTEM: SQS-26/41-X

XMTR MODE: 88/00T

TARGET DEPTH (FT)s 300
TARGET SPEED (KNOTS): 10
SHIP SPEED (KNOTS): 15
AIRCRAFT SPZED (KNOTS): 120
BUOY DEPTHS (FT): 60

e

KYDS
90 +
s so L PmuLt = 1
‘ PaIsT = '
70 4 =
: Puono
; 60 1
X TARGET
‘ DATUM
o w1/ 1o |
: I ‘i" 1.0 1
» 1.0 |
(D™ , i
\ = b
7 o N 1.0-1 :
l 1.0-2 4
.97-3 !
_ 166
; 20 4 SHIP TRACK ‘
r - :
(RCVR 1) 1;0 3 i
o - : ’
1 : s 3
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Figure A-58

| { ENVIRONMENT: »EDITERRANEAN

LAYER DEPTH (FT)y 100

. SYSTEM: SQS-26/41-X
XMTR MODE: B8B8/0DT
TARGET DEPTH (FT): 300

i TARGET SPEED (KNOTS): 10

; SHIP SPEED (KNOTS): 15

! AIRCRAFT SPEED (KNOTS): 120

KYDS BUOY DEPTHS (FT); 1500
{ 90 _L
5 PuuLt = 1.00 M= 1,00
T Pg1sT = .98
P = 1,00
70 4 MONO 1.00-1
1.0-1 .22-2 1.0-1
299-2 .92-3 .33-3
60 + 1.0-3 .§3-4 .83-4
! TARGET 1.0-1  .42-4 159-5
\ DATUM
50 L

SHIP TRACK
0 (RCVR 1)

$ $ + .78-2 .35-4 1.0-6

3 ’ 4 ' *1.001 1.0-1 .99-5
’ i 20 -10 0 10 20 K¥DS

. DATUM
(0,40)
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1,
? t *
[}
J ENVIRONMENT: MECI TERRANEAN
‘ {AYER DEPTH (FT); 100
SYSTEM:  SUS-26/4] =X
| XMTP MODE: B8/0DT
TARGET DEPTH (FT); 300
TARGET SPEED (KNOTS}: 10
SHIP SPEED (KNCTS): 15
i AIRCRAFT SPEED (KNOTS)y 120
XYDS BUOY DEPTHS (FT)s 60
! 9 4
80 1 pMUL7 = 1,00 M= 1,00 ;
Pgrst = .78
0 4 PmNo = 1,00
1.0-1 1.9-1 4 o
, 66 .93-2  1.0-3  gq.:
i
TARG
{; 50 | ARGET

©

. ¥
; SHIP TRACK :
10 1 (RCWR 1) i
’% H
s ) N i L (1 i
: i ) : ¥ 1 4 § 1§ 3
RO 20 -10 © 10 20 KYDS !
- L
(
‘ - PyuLr = 200 M= 1,00
PeIsT = .72
3 PMONO = 1.00
~ ’ 1,0-1  1.0-1 4 o ,
\\ 93-2 973 17.3 {
AN 1.0-3 . 604
i
}
f %
t }
, H 1.0-1 1.0-1 .
4 ; 1,05 1,04 3
) ; DATUM | .96-5
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Figure A-60

SYSTEM:
XMTR MODE.
TARGET DEPTH (FT): 300
TARGET SPEED (KNCTS): 10
SHIP SPEED (KNOTS)s 15
AIRCRAFT SPEZD (KNOTS): 129

ENVIRONMENT ¢
LAYER DEPTH (FT):¢ UV
SQS=-26/41-X
BB/0ODT

MEDITERRANEAN

BUOY DEPTHS (FT)s 1500
PuuLT = 1.00 M= 1.00
Parst = -9
1.0-2
PMoNo = 1.00 472 1.0-1
1.0-1 1.0-3  gg.2
1.0-2  +38~% 1 ,0-3
1.0-3 1,0-4 4 oy
.23-2
1.0-3
1.0-4
.11-5
1.0-1
.53-2
.89-3
454
1.0-1
.65-4
i.0-1 1.0-1
.28-3 .98=1 R7-3
DATUM  1.0-5 .09-2 1.0-5
(0,40} .63-3
PmuLt = 1.00 M= 1.00
- 1.0-1
Prst = .92 “32-2
PmoND = 1.00 1.0-3
1.0-1 474 1.0-1
1.0-1
1.0-2 1.0-1
1.0-3 .98-3
Jh6-0 1.0~4
.98~5
1.0-1 1.0-1
1.0-2 .95-~3
843 1.0-4
1.0-1
.78-2
.13-3 1.0-1
1.0-4 2164
1,0~1 1.0-1 *
+19-2 - «90-4
.55-3 103 1.0-5
.38-4 o=
DATUM  _91-§ +74~3
€3.3,40) 1964 .
1,0-5
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70}
60.4
TARGET
DATUM
201 gHIP 17aCK
(RCVR 1)
10
i 3 A A
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20 -10 ©0 10 20 KYDS
6165

Figure A-61

ENVIRONMENT; MEDITERRANEAN
LAYER DEPTH ({T): 100
SYSTEM: SUS=26/41-A

XMTR MODE: BB/ODT

TARGET DEPTH (FT);s 55
TARGET SPEED (KNOTS): 10
SHIP SPEED (KNOTS)s 15
AIRCRAFT SPEED (KNOTS): 120
BUQY DEPTHS (FT)s 60

PmuLt = 1.00 M= 1,00
PBRIST = .98
Pmono = 1.00 i‘g:;
Lot 192 1oa
1,0-3 1.7 i93:§
1.0-1 <54 :
. 1.0-4
1.0 1.0-1
.99-2
1,073
1.0-4
«94-5
1.0-1
.92-2
1.0-4
1.0-1
B4~

DATUM
€0,40)
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Figure A-€2

ENVIRONMENT: MEDITERRANEAN
LAYER DEPTH (fY): 100
SYSTEM: 5QS-26/41-X

XMTR MODE: BB/00T

TARGET DEPTH (FT)s 55
TARGET SPEED (KNOTS): 10
SHIP SPEED (KNOTS): 15
AIRCRAFT SPELD (KNOTS): 129
8UOY DEPTHS (FT): 1500

TARGET
DATUM

SH1P TRACK
(RCVR 1)} ’

20 KYDS
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Figure A-63
N
o
ENVIRONMENT; MEDITERRANEAN ;
LAYER DEFTH (FT): 100 )
SYSTEM: SQ5-26/41-X :
XMTR MODE: BB ‘ODT
it TARGET DEPTH (FT): 600
TARGET SPEED (KNOTS)s 10
SHIP SPEED (KNOTS): 15 ‘
h AIRCRAFT SPEED (KNOTS): 120
KYDS BUOY DEFTHS (FT): 60
%04 .
80 PaoLt = +99 M = ,99 p
Pgrst = .90
; 701 1,0-1
: Puono = +99 .66-2
‘ 1.0-1 1.0-3 L o1
1.0-2 : .0~
‘ 60 + 1.0-3  *284 ,26-2
50 TARGET
> DATUM ;
| 6540 |
. .
20 §
BN SHIP TRACK :
10 (RCVR 1)
= 3 3 3~ 4 'i
‘] v T T T
-20 <10 0 10 20 KYDS
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KYDS
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804

70 L

TARGET
DATUM

SHIP TRACK
(RCVR 1)

T
20 KYDS

$ 3
T 1 J

-20 =10 0 10

PmuLt = -99
Pgist = .81
PmNo = 99

1.0-1

1.0-2
.48-3 "N\
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Figure A-64

LAYER DEPTH (FT),

XMTR MODEs 8B/0DT
TARGET OEPTH (FT);

SHIP SPEED (KNOTS):
BUOY DEPTHS (FT);

ENVIRONMENT: MEDI TERRANEAN

100

SYSTEMs SGS5-26/41-X

600

TARGET SPEED (KNCTS): 10

15

AIRCRAFY SPEED (KNOTS}: 120

1500

M=1.00
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Figure A-65
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Figure A-66
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Figure A-47
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Figure A-72
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Figure A-T76
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APPENDIX B (U)

SURFACE SCATTERING: INFLUENCE ON
ACOUSTIC PROPAGATION LOSSES

A. INTRODUCTION

(U) The calculation of acoustic propagation losses in the ocean using ray
tracing computer models leads to two surface related problems: 1) no
energy is predicted in the shadow zone where ray paths do not exist;

2) a reasonable choice must be madc for surface losses due to reflection
in the specular direction,

{U) Energy in the shadow zone can be calculated from equations based on
empirical data such as measured in the AMOS sea experiments. These
data, however, are restricted in their applicability and therefore can-
not be generalized for all environments and sonar (or target) depths.

(U) Empirical surface reflection data is not glways available for environments
and sea conditions of interest.

(U) The present discussion shows how a unified theory of surface phenomena
including effects of scatiering, bubble effects, and diffraction leads to
more general and widely applicable solutions to these problems.

B. SCATTERING FROM A ROUGH SURFACE

(U) Our point of departure for developing a general function for surface scat-
tering is the equation for scattering from a gaussian distributed rough
surface as derived by Beckmann. 1 The general scattering equation can
be written as:

2.2,
9 TZ F2 sin2 61 gm vy T /4m
A+ mm € (1)
s o) 2
A m=1

1+ sin 91 sin 92 - cos 91 cos 6, cos @

R S : (@)
sin” 6, + sin 6, sin0,
2 4m 2 2
Vay = ¥ (cos 91 -2 cose1 cos 92 cos §§ + cos 92) (3)
6165 -B-1
UNCLASSIFIED




e My we v

ML
R ey

. UNCLASSIFIED
Hazeltine
2.2 .
g = _.___2_>\ (Sln 61 + sin 92) (4)

and ’?’1 and /, are the incident and reflected grazing angles at the scat-
terer, @ is the azimuthal angle at the scatterer, T is the surface correlation
length, ¢ is the rms wave height and X is the acoustic wavelength. g is

the acoustical roughness of the surface and depends on the scattering

angles as well as on wave height., p is a function which is 1 in the

specular direction (8, =9, @ = 0) ald 0 elsewhere.

(U) At this point, most authors restrict the value of g in order to use
asymptotic expressions tor equation (1). This, however, also restricts
the generality of their solutions and, in many cases, asymptotic exnres-
sions are used outside their range of applicability.

(U) Since we are interested in scattering at al' angles and for varying surface
roughness, we will use equation (1) for our scattering function. We will
utilize asymptotic expression found from (1), however, the values of g
at which these expressions will be used are kept well within the limits
of good approximations and cover all possible values of g. The three
regions of g, which we consider and the expressions used are:

| 2 gn T2 F2 sinze1 --vxszz/4m p
S¢=€ 71Po * A4 © AR ®)
. 20 2 2
2 2 .2 m -V, g /4m
< =e_g/p 2,7 T°Fsine; Z £ e & T ).1<g<10 (6)
S o 5 m:m
\ by m=1 i
71F2T2 Sin2 91 -ny2T2/4 szc ?
s, s g2 10 (N
AV, o
where:
2
2 _4n 2 (8)

= in © i
v, -—)\—2— (sin ]+sm92)

(U) The validity of these exyressions when used in the regiors of acoustical
roughness as indicatea is well illustrated in Figure 1 of a paper by

[ree———

b

|
|
|

P VY

Medwin. 2
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(0)

(U)

(U)

(0)

In using these equations for calculating surface scattering coriect values
for the surface correlation length T, and the rms wave height o must be
found a8 a function of ‘wind velocity. Following the approach used by

Medwin3 which assumes an isotropic gaussian distributed rough surf.ce,
we have a relation between T, 0 , and the mean square surfa~e slope Z:

Zo” ©
T =
52
Zis f‘i)und from the generally accepted expression derived by Cox and
Munk™*;

5

? =5.12x 107° W + 0,003 (10)

where W is the wind velocity in cm/sec.

The choice of the correct value for o depends on the factor of sea surface
roughness which contributes most strongly to surface scattering. While
most authors choose a formula for the wave heights of a fully developed
sea, we have used values of rms wave height as found empirically in a
study of reverberation backscattering by Garrison et.al..” The v>'¢¢<

of o found in their study range from about 1 to 7 inches for wind velocities
from 6 to 17 knots. These values are considerably smaller than wave
heights from a fully developed sea and indicate that the major contribution
of scattering arises from small perturbations of the developed sea. It

is probable that contributions from both effects, the developed sea waves
and local facets should be included, but the second term seems to be
dominant in scatteriag and leads to more reasonable values of specular
surface reflection coefficients.

C. REFLECTION COEFFICIENT
1. Surface Scattering Effects

The reflection coefficient for the surface cannot be assumed to consist

of simply the specular term of equation (1) because for actual processors,
energy arriving during a finite time period (10 ms in our study) is
detected and therefore all energy arriving during this time must be
accounted for in calculations. This means that the reflection in the
specular direction will consist of the actual specular term from (1) plus
all scattered energy arriving within 10 ms of this specular ray.

A computer program was written which calculates reflection coefficient
by iniegrating the energy scattered into the specular direction. This
program is adaptive in both time and space; that is, it integraties energy

i1 6165 . B3
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arriving froin points around ever increasing sized circles centered
~round the specular contact until either: 1) the contribution becomes
negligibly small or 2) the ray travel time is outside the bounds of the

processor integration period.

(U Our approach to surface reflection also eliminates the problems which
arise when trying to use closed form solutions for the reflection
coefficient, If ~losed forms are used, the assumption must be made
that the source and receiver are in the far field (Fraunhofer region).
Tests of these types of solutions indicate that predicted losses are
5-20 dB too high and this is because all of the arriving energy is not

accounted for. ;

(U) The adaptive integration utilizing the whole scattering function is equiva- ,
lent to a Fresnel solution which has been deemed necessary by several ;

authors. J

o b -

(U) Because we have preserved the form of the scattering equations useful ,
for all values of g, reflection coefficients can be calculated for all inci- 1
dent angles from 0 to 90°. The results for various wind velocities are |
shown in Figure 1. The negative surface losses found for small
grazing angles are actually gains and this is reasonable both from a
mathematical point of view and from similar experiments in optics.
The fact that this is never seen in sea experiments is due to bubble
losses which are always present in a rough sea. (If the sea surface were :
smooth, then there would be no bubbles but also no scattered energy and [

R would be 1.)

S i

e .

2. Bubble Effects : {

(U) Air bubbles near the sea surface have a two-fold effect on surface reflec- _
tions: 1) absorption and scattering of energy from an acoustic ray and P
2) refraction of the ray changing its angle of contact with the surface. .
This togic is discussed in detail in Medwin's paper3 and the mathematics

will not be presented here. The final results can be summarized here in
the following equations.
(U) The surface loss in dB per bounce due to bubbles is given by: !
0 !
A =2 j 2 ds (11) .
L 3
- - - {
a,=8.27x 107 ¢ 3w (14 107 wh (14 0.12)™ (12)
i
q
*f
. -
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Z is the depth, W is the wind velocity in knots and f. is the resonent
frequency cf the bubbles. The integration extends along the acsustic ray
throughout the layer 1, where bubbles exist. This exprassion can be
numericaily lategrated ky using short straight line segments along the
path,

(U) The angle of incidence at the surface can be computed fxons the n~-
bubble incident angle by using the equations:

C,=C(1-F) (13)

5 -4

Fo=9.74x107° w (1107w (14)

where C is the uncorrected acoustic velocity at the surface and W is
wind velocity in knots. The incident angle is then found from Snells' law;

cos & cos B
s 0

C c
S 0]

where C0 and ¢ o are values found at the bottom of the bubbie layer.

(U) We have found it reasonable to use a value of f_ ~ 10000 Hz which is
considerably lower than that proposed by Medwin. This can be explained
by the observation that bubbles tend to form in clusters and thus the
average 'bubble" size increases and the resonant frequency decreases.

(U) The bubble losses calculated using these values and a wind velocity of
17 knots are shown as curve 2 in Figure 2. The lower scales represent !
the uncorrected and bubble refraction corrected ( ) grazing angies.
The reason the curve has a peak is that rays with shallower angl s do .
not pass through the whole bubble layer. |

(U) Also shown on this figure, is the loss due to surface roughness (curve 1) )
and finally the total surface loss per bounce for reflectior: in the specular !
direction {(curve 3).

D. PROPAGATION IN THE SHADOW ZQNE i
(U) Energy propagated into the shadow zone was calculated using a {echnique ,
similar to that of Schweitzer®. The basic geometry is illustrated 1n }

Figure 3. The fundamental operation used to calculate the propagation
loss from target to receiver is:
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.

where P1 is the propagation loss within the duct fro.- the receiver to the
area element JA, P, is the propagation loss from dA  the bhelow layer
target and Sg is ‘*he surface scattering coefficient. We ve again used
the total scatterin, function of equation (1) and the integr. 'on is carried
out by an acdaptive cumputer program which sums contribu. ns from cir-
cular annulae centered over the target. It is found that the . ‘jor portion
of energy arrives iron: . narrow strip between receiver and .. get and o
tiherefore our program in.2grates around a circle starting on th. veceiver-
target axis and continues until the contributions are negligible. ° en the
next annulus is taken and the phrocess is repeated untijl the on-axis n-
tribution is also negligibly sma'l. We have chosen 2¥ azimuthal int. -a-
tion steps and 5V yard range sicis. The program is also time adaptiy

in that onir W7 energy arriving w. hin 10 ms of the peak is retained.

(U) In using the scattering function, it wi 1 be noted what there are several
ray paths {rom the surface to the elemont dA. The angle 6,, is thus not
well defined but it has b&en shown that S_ is highly insensitive to angular
variations up to about 3” which are typicai of ducted roys.

\) The actual computation then consists of: 1) ca'culating the surface
"illumination" due to the receiver at 1000 yard intervals. 2) calculating
the propagation lcsses from target to transmitte. in 50 yard steps cut
to about 4000 yds, 3) carrying out the above descrihed integration using
actual propagation losses extrapolated from the tabl.s generated in
steps 1 and 2.

(U) Figure 4 illustrates the valuzs of surface "illumination' \actually propaga-
tion losses from the receiver) and the resulting values of i~tegrated
shadow zone energy. These points were calculated using a wotailed ray
tracing program and thus show the wide variations due to surtce "hot
spets' or mini convergence zones.

(U) While these results are typical of a particular environment, it is .10ore
useful to have smoother curves to work with in acoustic prediction \nodels.
This was carried out by smoothing both-the surface illumination tablcs and
the resulting shadow zone propagation loss tables. In addition, a diffiac-
tion term was added to acrount for energy which "leaks" into the shadov:
zone from the limitin% rays. The use of diffraction attenuation coefficie.'ts
is discussed by Noble ' and the value we used was 6 dB/kyd.

Ay r——— . A——, .

(U) Figure 5 shows the final results for smoothed shadow zone propagation
losses including diffraction for a receiver at 60' and a target at 250°,
This curve is in good agreement with the empirical AMOS curve for the
same conditions. The advantage of our theory is that it will hold up in
cases where AMOS data is-not valid, .-
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(U) Reversing the roles of receiver and target from those shown in Figure 3

(U}

()

will lead to entirely different results if the receiver is directional Siuce
most of the energy comes down from the surface at rather steep angles.
This fact is inuportant in the placement of vertically directional sono-
buoys in environments where shadow zones exist.

Another point of interest is the fact that if much of the energy arriving
at a target in a shadow zone comes from above , then corrections should
be mace to the concept of target strength in these situations.

E. CONCLUSIONS

A unified technique of applying scattering theory to shadow zone propaga-
tion and surface reflection has given results which agree with measured
data but are much more widely applicable. The results are encouraging
enough to merit further study, particularly in terms of experiments to
measure the time spreading of surface retlections, the actual reflection
coefficients calculated and the influence of the theory on target strength.
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